INTRODUCTION
Hydrophobic organic compounds, including many organophosphate (OP) pesticides, may be associated with solids in hydrologic environments (Smith and others, 1988) . Both particle size and the amount of heterogeneous organic matter influence concentrations of solids-associated compounds. The method described in this report was developed to extract hydrophobic compounds, including OPs, from a sediment or soil matrix and partially isolate the compounds from Coextracted natural organic matter prior to instrumental analysis. This method is applicable to bed-sediment (lake and stream), aqueous suspended-sediment, and soil samples.
Before 2003, the U.S. Geological Survey (USGS) National Water Quality Laboratory (NWQL) determined recoverable organophosphate pesticides in bottom sediment by using the USGS method described by Wershaw and others (1987) (method O-5104-83 ; NWQL laboratory schedule 1320). This method consisted of extracting bottom-sediment samples with dichloromethane and analyzing the concentrated extracts by using packed-column gas chromatography with flame-photometric detectors. In 1990, the packed-column technology was replaced by capillarycolumn technology (0.25-mm diameter). The original method (Wershaw and others, 1987) included only six compounds (diazinon, ethion, malathion, methyl parathion, parathion, and trithion) .
With the present (2003) method, the NWQL has developed a new bottom-sediment method that uses a gel-permeation chromatography (GPC) procedure to improve organophosphate pesticide isolation from coextracted interferences. This new method also expands the selected list of determined compounds from 6 to 25, and one of the compounds, O-ethyl-Omethyl-S-propylphosphorothioate, 1 is permanently reported with an estimated remark code because of lower-than-acceptable performance. One OP, Isofenfos, is used as a surrogate standard because it is not expected to be found in bottom-sediment samples collected in the United States.
There are substantial advantages of using this method over previously used methods. The extensive preparation protocol of the new method provides cleaner extracts, thereby increasing signal-to-noise ratios, improving reproducibility, and thus, method detection limits. The GPC step removes or greatly reduces the inorganic sulfur in the extract, which can interfere during analysis by the element-selective detector used in this method.
This method report addresses the following topics: principles and application of the method, apparatus and reagents required, details of the preparation and analytical procedures, calculations, reporting of results (units and significant figures), and method performance. The method supplements other methods of the USGS for the determination of organic substances that have been described by Wershaw and others (1987), Fishman (1993) , and Jha and Wydoski (2002) . The new method was implemented as a custom method at the NWQL in January 2003.
1A short, 20-character name was used in the tables to minimize space taken by lengthy chemical names. The short name was defined as the first 14 characters and the last 5 characters of name, joined by an underscore: "_" Common or chemical names and corresponding short names are listed in 
Scope and Application
This method is suitable for the determination of 20 parent organophosphate pesticides (OPs) and 5 related OP degradation products specified in table 1 in bedsediment (lake and stream), aqueous suspendedsediment, and soil samples. One of the compounds, O-ethyl-O-methioate) is permanently reported with an estimated concentration because of variable instrumental and extraction stability problems. This method is applicable to the determination of pesticides and pesticide degradates that are (1) efficiently extracted from the solid matrix by methanol and dichloromethane, (2) adequately separated from natural coextracted compounds by gel permeation chromatography, (3) chromatographically resolved and identified by using a gas chromatograph (GC) equipped with flame photometric detectors (FPD), and (4) sufficiently stable to chemical and thermal degradation to allow accurate quantification by using all sampling and analysis steps of the method. Method compounds and their parameter codes, laboratory codes, and Chemical Abstracts Service (CAS) numbers for each compound are listed in table 1.
Summary of Method
2.1 Minimum sample size of about 25-g equivalent dry-weight sample, accurately weighed, is extracted with Soxhldt apparatus using 350 mL dichloromethane and 25 mL methanol (93:7 ratio).
2.2 The extract is concentrated and then filtered through a syringe filter containing a 0.2-^im polytetrafluoroethylerie membrane.
2.3 1,400-L aliquot of the sample extract is injected quantitatively onto two linked styrenedivinylbenzene gel-permeation chromatographic columns and eluted with dichloroniethane.
2.4 The aliquot is concentrated and solvent exchanged to ethyl acetate. 81404A  3957 IB  62043A  81887A  62048A  39399B  62050A  62040A  62038A   62046A  82408A  62042A  39531B  62047A  39601B  3954 IB  81412A  62039A  62049A  62045A  62041A  62051 A  62044A  39050A  39787B  907 10B   Laboratory  code   4450  4451  4452  4453  4454  4455  4456  4457  4458   4459  4460  4461  4462  4463  4464  4465  4466  4467  4468  4469  4470  4471  4472  4473  4474 25311-71-1 * Compound marked with an asterisk is permanently reported with an estimated "E" code in this method. [ ] Name in bracket is an abbreviation used in the National Water Information System because of character number limitation. ( ) Name in parentheses is alternative name of the compound.
NOTE: Letter after parameter code is the method code.
2.5 The extract is evaporated by using nitrogen to a final volume of 0.5 n-L.
2.6 Extracts are determined by dual capillarycolumn GC/FPD with external standard quantitation method.
Safety
Always observe proper laboratory safety procedures when handling chemicals and operating equipment. Organophosphate compounds, and especially the degradates in this method, are recognized potent cholinesterase inhibitors. Liver function can be adversely affected or other health problems can result from prolonged exposure. The method uses substantial volumes of dichloromethane during extraction, which is a suspected carcinogen. All appropriate safety equipment should be worn and extreme care exercised when handling these compounds and solvents. Always wear appropriate clothing, nitrile gloves, and eye protection, and use adequate ventilation when preparing samples or standard solutions. It is important to read the Material Safety Data Sheet (MSDS) on each compound and solvent prior to performing this method. Organic solvents, sediment samples, and rinse wastes should be properly disposed of in accordance with current best available practice.
Interferences
Sulfur and organosulfur compounds and unknown organophosphorus compounds occasionally might interfere with identification and quantitation of individual organophosphate compounds. There are many organophosphate compounds in natural matrices that GC/FPD will detect, because this procedure involves methylene chloride extraction of sediment samples. This method is designed to minimize false positives through dual GC column confirmation. Mass spectral confirmation may be used to confirm identification if there is uncertainty caused by complex matrix samples.
Collection, Shipment, and Storage of Sediment Samples

Sampling methods and sample-collection equipment:
Use a sampling method that will collect bed-sediment (lake and stream), aqueous suspendedsediment, and soil samples that accurately represent organic contaminant compositions and concentrations at a given location and time. Use sample-collection equipment that is free of plastic tubing, gaskets, and other parts that might leach interferences, absorb contaminants, or abrade and potentially contaminate sediment samples. Detailed descriptions of samplers and sampling methods used to collect representative bed-sediment (lake and stream), aqueous suspendedsediment, and soil samples are contained in the National Field Manual (U.S. Geological Survey, 1997 to present).
Cleaning procedures:
Wash all samplecollection equipment with phosphate-free detergent, rinse with distilled or tap water to remove all traces of detergent, and finally rinse with methanol (reagent grade or better, ultrapure preferred; dispense methanol by using a Teflon squeeze-bottle) and pesticide-free water. Clean all sample-collection equipment before each sample is collected to prevent crosscontamination of the samples.
5.3 Sample shipment: Ship samples, contained in 1,000-mL wide-mouthed glass jars with lids lined with polytetrafluoroethylene (PTFE) on ice via overnight carrier to the NWQL as soon as possible following collection. Allow sufficient space for expansion of the sample if frozen.
5.4 Sample storage: Following login at the NWQL, samples are stored at -15°C in freezers until time of analysis. Sample holding times for this method have not been established. Holding-time studies in reagent water and on the dry SPE have been performed by Sandstrom and others (2001) for laboratory schedule (LS) 2002 method, which is used to determine most of the compounds present in this method. Recently, Winslow and others (2001) have shown that the addition of cheimcal preservatives are required to preserve selected or^anophosphates (OP) and obtain acceptable recoveries in U.S. Environmental Protection Agency (USEPA) method 526 (Winslow and others, 2001 ), a GC/MS method that uses SPE.
Apparatus and Instrumentation
The equipment used for this method follows. Specific models and sources that were used for method development also arei listed, as appropriate.
6. 
Reagents and Consumable Materials
The following reagents and consumable materials required for this method are grouped by the specific preparation step or analytical procedure. They are not repeated if used in other parts of the method. Specific models and sources that were used for the development or implementation of this method also are listed, as appropriate.
7. 7.4.3 GPC vial, with open-top screwcap and PTFE-faced silicone rubber septum; Supelco Inc., part numbers 2J3219M and 3-3185M or equivalent.
7.5 Gel permeation chromatography 7.5.1 Helium gas: grade 5 or equivalent. 7.5.2 Gel permeation chromatographic columns: two 30-cm-long by 7.5-mm inside diameter (ID) columns packed with 5-^im diameter styrenedivinylbenzene resin particles having 50-angstrom pore size; Polymer laboratories, Ltd. PL Gel or equivalent. Connect fhe columns in series with a low dead-volume union.
7.5.3 GPC OP fraction test solution: contains di-n-octyl phthalate, benzo[g/n]perylene, and elemental sulfur, each at a maximum concentration of 250 pg/^iL in dichlorjomethane. Note that the same fraction test solution is used for determining the BNA compounds' collection window; for specific details, refer to Furlong and Others (1995) . Note that an equivalent OC (orgaijiochlorine) pesticide fraction test solution is used for determining the OC pesticide collection window When an aliquot of the sample extract is processed for OC pesticides. For specific details, refer to Foreman and others (1995 
Calibration and Quality-Control Standards and Criteria
Quality-control information must be evaluated in aggregate to determine whether analytical data are of acceptable quality to be reported. Minimum qualitycontrol requirements include the following: (1) analysis of laboratory reagent sodium sulfate blank; (2) determination of surrogate standard compound recoveries in each sample, blank, and fortified reagent sodium sulfate sample; (3) determination of compound recoveries in the fortified reagent sodium sulfate spike sample; and (4) assessment of the GC/FPD chromatographic performance.
8.1 Calibration standards. Stock standards for the pesticides and degradates were obtained as pure materials (95 percent or higher purity) from the U.S. Environmental Protection Agency (USEPA) National Pesticide Standard Repository (Ft. Meade, Md.) or commercial vendors (ChemService; EQ Laboratories). Prepare calibration standards at six different concentrations (5, 10, 20, 50, 80 , and 100 pg/jiL) for each compound and surrogate compound by adding a known volume of stock standard solutions to a volumetric flask. Dilute to volume with ethyl acetate. The lowest concentration standard needs to represent compound concentrations near, but greater than, their respective method detection limit (MDL). The remaining standards need to bracket the compound concentrations expected in the sample extracts.
8. Surrogate solution is prepared by adding 250 \iL of isofenfos stock solution (100 pig/mL in hexane) into 25 mL of methanol. The final concentration of isofenfos in methanol is 1 ng/piL (1,000 pg/piL). Add 100 \iL of the surrogate standard to each field sediment sample, laboratory reagent sodium sulfate spike, and blank samples. Add the surrogate standard solution to the sample at the time of extraction, and use it to monitor performance of the sample preparation procedure (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998). When surrogate recovery for a sample is greater than the upper control limits or less than the lower control limits, check the following: (1) calculations, to locate possible mathematical errors; (2) spike, calibration, and surrogate solutions for degradation; (3) contamination, which usually produces positive bias; and (4) instrument performance (section 8.8). If those steps do not reveal the cause of the problem, reanalyze the extract. If the sample preparation and QC sample criteria do not meet surrogate control limits (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998), then the problem needs to be identified and corrected before continuing analysis. If sample extract reanalysis meets the surrogate recovery and other QC criteria, then report data using the reanalyzed extract data. If sample extract continues to fail the recovery criteria, either report all data for that sample as suspect with an estimated ("E"-code) qualifier, raise the reporting level, or do not report the sample data (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998).
8.4 Spiking solution. The laboratory reagent spike (LRS) solution is prepared in methanol by adding 50 |,iL of a mix organophosphate stock solution (100 [ig/mL in hexane) into 25 mL of methanol. This solution contains all of the organophosphate compounds of interest, except the current surrogate compound (isofenfos). The spike solution concentration is 0.2 ng/^iL (200 pg/^L), and 1,000 |,iL of this solution is added to 25 g of reagent sodium sulfate to prepare the LRS. Use the LRS to monitor recovery efficiencies for all method compounds (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998). This report contains spike results for three different concentrations (8, 40, and 80 l^ig/kg) for the method-performance determinations. The laboratory needs to analyze at least one LRS sample with every 10 samples or one per sample set (all samples extracted within a 24-hour period), whichever is greater. The concentration of each compound in the LRS sample needs to be within the range of the calibration standards. Standard statistical techniques (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998) are used to establish control limits for compound recovery for the LRS. If the recovery of any compound falls outside the control limit criteria, that compound is judged out of control, and the source of the problem needs to be identified and resolved before continuing the analyses. One of three steps can be taken for compounds that fail: (1) report data with estimated ("E") remark code, or (2) increase the reporting level, or (3) do not report the sample data (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998).
8.5 Third-party check standard (TPC). The third-party check standard is commercially available through a vendor, such as Supelco. This solution contains most of the organophosphate compounds of interest, except current surrogate compound (isofenfos). A working TPC is prepared in ethyl acetate by adding 10 |,iL of the TPC stock solution (100 [ig/mL in hexane) to 10 mL of ethyl acetate. The final working concentration of the TPC is 100 pg/[iL.
This standard is analyzed in each sequence after the calibration standards to verify the calibration curve. The determined concentration for all compounds in the TPC standard should be within ±30 percent of the expected concentration.
8.6 Continuing calibration verification (CCV) standard. The continuing calibration verification standard concentration is typically at the midpoint of the calibration range, usually a 20-or 50-pg/i^L organophosphate standard. A CCV containing all of the method compounds is injected after every 10 field or QC samples throughout the GC analytical sequence. This CCV standard is used to monitor the calibration of the GC for bias and ^ariability. The calculated CCV concentration must be within 30 percent of the expected concentration for each compound. If the determined concentrations of compounds in the CCV are outside the control limits, then the environmental samples are reanalyzed (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998).
Laboratory reagent blank (LRB).
Before processing any samples, the analyst must demonstrate that all glassware and reagent interferences are under control. Each time a pet of samples is extracted or reagents are changed, a laboratory reagent blank (LRB) sample (contains sodium sulfate) needs to be analyzed. If the LRB contains interfering peaks that would prevent the determination of one or more compounds, then determine the source of contamination and eliminate the interferences before continuing sample processing and analysis. If the interferences cannot be eliminated, then qualify the data (M.R. Burkhardt and T.J. Maloney, U.S. Geological Survey, written commun., 1998).
8.8 Instrument system. Instrument performance needs to be monitored daily. Gas chromatographic performance normally is reflected in the variation of determined concentration of the selected compound in calibration standards.] TPC, and CCV relative to the concentrations obtained by using a new capillary column and freshly prepared standards. Corrective actions for failure to meet the calibration, TPC, or CCV criteria not attributed to other causes indicate that the GC system might need maintenance. For example, part of the guard column rriight be cut off and removed to restore performance, Or the injection port liner might be replaced.
8.9 Other GC/t\PD performance requirements. Sample concentratioris that exceed the high concentration calibration curve must be diluted to within the calibration range and reanalyzed. Additional quality-control practices can be used with this method (see Pirkey and Glodt, 1998) .
Sample Preparation Procedure
Samples are grouped into sets of 16 total samples, including QC samples, because two extraction units accommodate up to 16 samples. Typically, 12 field samples are included in a set; the remaining positions in the set are filled with laboratory QC samples.
9.1 Sample dewatering and percent moisture determination 9.1.1 Retrieve samples from the freezer and thaw.
9.1.2 Thoroughly homogenize each sample with a stainless steel spatula.
9.1.3 Remove about a 20-g wet-weight aliquot to an appropriate container for separate determination of total carbon and total inorganic carbon (Wershaw and others, 1987) . Total organic carbon is obtained by difference.
9.1.4 Weigh about 150 ±0.1g of homogenized sample into a tared 250-mL centrifuge bottle and record sediment weight (Wa). Up to four samples can be processed at a time. If there is an odd number of samples, counterbalance the centrifuge by placing a tube with water plus cap that weighs 150 ±0.1 g. The centrifuge is operated at 2,000 rpm for 20 minutes. Carefully decant the clear supernatant water; pipet the supernatant using a Pasteur pipet if the sediment pellet is too soft. If the supernatant is not clear, repeat centrifugation before decanting. Record weights of sediment after decanting water (Wb). NOTE: For safety, the centrifuge must be balanced prior to operation. 9.1.5 Thoroughly re-homogenize the sediment sample in the centrifuge bottle. Remove a 1.8-to 2.2-g aliquot of sediment and determine the moisture content of the centrifuged sediment to ±0.1 percent using the moisture determination balance (6.1.5). The wet-weight fraction (fw) of the centrifuged sediment = percent wet weight/100.
Calculate the dry-weight fraction of centrifuged sediment (fd):
9.1.6 Weigh an amount of wet, centrifuged sediment needed to produce a 25-g equivalent dryweight sample into a tared 400-mL beaker. Weight of wet sediment needed for extraction = 25 g/fd. Record sediment wet weight (Ww) to ±0.1 g. 9.1.7 Add anhydrous sodium sulfate to the beaker in an amount equivalent to about four times the amount of water present in the sediment. The total amount of sediment-sodium sulfate mixture must not exceed 160 g, otherwise the mixture will not fit completely within an extraction thimble (larger thimble may be used if needed for each 25 g of sample) (see 9.2.1):
Weight of sodium sulfate needed = Ww x fw x 4 (2) where Ww fw = wet-sediment weight, in grams (9. 1 .6); and = wet-weight fraction of sediment (9.1.5).
Mix thoroughly, and, if necessary, add more sodium sulfate to ensure that the mixture is dry and loose. NOTE: The sodium sulf ate/sample mixture needs to be porous for efficient Soxhlet extraction.
9.2 Sediment extraction 9.2.1 Add the sediment-sodium sulfate mixture to a Soxhlet extraction thimble. Repeat for all samples.
9.2.2 Prepare the following QC samples as required, depending on the types of analyses to be performed.
9.2.2. 1 Laboratory blank (set blank): Place 125 g of sodium sulfate into an extraction thimble.
9.2.2.2 Reagent OP spike sample (set spike): Place 125 g sodium sulfate into an extraction thimble, place thimble into Soxhlet, and spike sodium sulfate with 1 mL of individual OP spike solution.
9.2.3 Extract and process the QC samples through the remainder of the method exactly as for the field-sediment samples.
9.2.4 Place the extraction thimble into a Soxhlet apparatus connected to a 500-mL flask containing 350 mL dichloromethane and 5 to 10 boiling chips.
9.2.5 Add 100 [nL of OP surrogate solution (7.2.4) on top of each sample contained in a thimble using a micropipet.
9.2.6 Carefully add 25 mL methanol to the top of the sample and allow 20 minutes for the solvent to percolate through sample to the thimble frit. This step helps to remove any residual moisture not bound by the sodium sulfate. NOTE: Do not use more than 25 mL of methanol during this step. The amount of methanol added must not exceed 7 percent of the total volume of dichloromethane plus methanol used during the extraction (see note 9.3.2).
9.2.7 Attach the Soxhlet apparatus to the condenser and extract the sample at 70°C for at least 12 hours.
9.2.8 Following extraction, add about 50 g of sodium sulfate to the flask and swirl to remove residual water. Add additional sodium sulfate as needed to ensure water removal. Excessive amounts of water might require separation using a 1-L separately funnel. Seal with a ground-glass stopper and store sodium sulfate-containing extract in a refrigerator at 4°C for at least 4 hours.
9.3 Sediment extract concentration 9.3.1 Transfer the extract (but not the sodium sulfate) from the flask to a K-D concentrator (6.3.1) fitted with a 10-mL centrifuge receiver tube (6.3.2) containing boiling chips. Rinse the flask three times using 5-to 10-mL aliquots of dichloromethane and transfer these rinses to the K-D concentrator.
9.3.2 Concentrate the extract to about 4 to 6 mL at 70°C. NOTE: The methanol used in the extraction step must be removed during this K-D concentration step, otherwise it will cause problems during the GPC cleanup (9.5). Methanol is completely removed only by the formation of an azeotrope having a 92.7-percent dichloromethane and 7.3-percent methanol composition that boils at 37.8°C (at 101.3 kPa). Therefore, the amount of methanol must not exceed 7 percent of the total extract volume of dichloromethane plus methanol in the Soxhlet extract (9.3.1); otherwise the desired azeotrope composition will not take place during the K-D concentration (see 9.2.6 NOTE).
9.3.3 Further reduce the extract to 3.0 mL using a gentle stream of nitrogen gas (6.3.4). Store extract in a refrigerator or freezer until step 9.4. 9.4 Sediment extract filtration 9.4.1 Place paired sets of extracts contained in uncapped centrifuge receiver tubes into a centrifuge (6.4.1) and centrifuge at 2,150 rpm for 10 minutes. 9.4.2 Tare a labeled, 4-mL GPC vial with cap and septum attached (7.4.3) to ±0.0001 g. 9.4.3 Attach a 0.2-^im PTFE filter to a 5-mL Luer-Lok syringe. Remove the syringe plunger and place a tarred GPC vial under filter-tip outlet.
9.4.4 Transfer the centrifuged extract to the syringe barrel using a Pasteur pipet, taking care not to dislodge the centrifuged solids.
9.4.5 Carefully insert the plunger into the syringe and pass the extract through the filter into the GPC vial. After expelling sample, push air through the filter to remove residual extract from the filter.
9.4.6 Rinse the centrifuge receiver tube with 500 \iL dichloromethane, washing down the tube walls with the Pasteur pipet. Transfer the rinse (including centrifuged solids) to the syringe barrel using the Pasteur pipet. Filter this rinse into GPC vial as in 9.4.5.
9.4.7 Repeat step 9.4.6. 9.4.8 Bring extract volume up to 4 mL with dichloromethane and cap GPC vial. Store extract in a refrigerator or freezer until step 9.5.
Gel permeation chromatography
Complete details of GPC operation are beyond the scope of this report. Instead, the following procedure outlines the steps necessary for GPC instrument fraction calibration and subsequent cleanup of sample extracts. Consult the appropriate instrument manuals for additional details regarding general GPC system operation and NWQL standard operating procedure MS0024.0 (or subsequent revisions; available upon request) for detailed, method-specific GPC procedures. 9.5.1 The GPC data system should remain turned on continuously to maintain integrity. Other system components, ^ncluding the pump, autosampler, detector, fraction collector, and column heater, should be turned on at least 2 hours in advance of fraction calibration. 9.5.2 Degas the dichloromethane mobile phase with helium for 30 minutes prior to use. 9.5.3 Pump degassed dichloromethane through the GPC columns at the mobile phase flow rate of 1 mL/min for at least 2 hours prior to fraction calibration (9.5.8). NOTE: Slowly ramri up the flow rate from 0.1 to 1 mL/min over a 1-minute period to minimize pressure shock to the GPC coljimns.
9.5.4 Bring the GPC vial containing the sample to room temperature. 9.5.5 Just prior to vial pressurization (see section 9.5.6 below), weigh the extract contained in the tared GPC vial with cap and septum to ±0.0001 g and record extract weight [Wt. Extract Before GPC = Wt. Extract and Vial Before GPC (9.5.5) minus the Vial Tare Wt. (9.4.2)]. Similarly, weigh GPC vials (with cap and septum) after injection. The fraction of the sample injected into the GPC system will be determined by weight difference before and after GPC injection.
9.5.6 For all samples, the GPC vial headspace is pressurized with nitrogen gas just prior to beginning a GPC fractionation sequence. This pressurization assists the syringe in withdrawing the correct aliquot of extract or solution for injection into the GPC. Pierce the vial septum with the pressurization needle, and pressurize with 207 kPa nitrogen for about 1 minute. Make sure the end of needle is not placed into the liquid. Rinse the needle with clean dichloromethane between pressurization of each vial.
9.5.7 Establish GPC system cleanliness and baseline stability by injecting a 1,400-^iL aliquot of clean pesticide-grade dichloromethane (System Blank) and monitoring detector response at low attenuation (usually at attenuation 8). Fractions typically are not collected for GPC System Blank analyses.
9.5.8 GPC fraction calibration: Elution times might vary between analyses of sample set because of GPC column aging, the presence of residual methanol from sample extraction, and other factors. Therefore, prior to beginning automated analysis, the fraction collection beginning and end times are established for the OPs to allow final configuration of the fraction collector. 9.5.8.1 Establish OP fraction collection times by injecting 1,400 ^iL of the GPC-OP fraction test solution (7.5.3) and monitoring the elution times of the peaks at low attenuation. Repeat injections of the GPC-OP fraction test solution as necessary to ensure chromatographic reproducibility. Fractions are not collected for the GPC-OP fraction calibration test analyses.
9.5.8.2 A typical GPC chromatogram resulting from analysis of the GPC-OP fraction test solution is shown in figure 1. Set the "beginning time" on the fraction collector at the time when the detector baseline begins to rise for the di-n-octylphthalate peak. The beginning time is determined by processing the chromatogram resulting from the injection of the GPC-OP fraction test solution at attenuation 8 and graphically determining when the baseline begins to rise, thus indicating the first peak. 9.5.8.3 Set the "end time" on the fraction collector for the GPC-OP fraction at the valley between the benzo[g/n']perylene peak and the sulfur peak.
9.5.9 Perform a GPC automated separation. Inject 1,400 ^iL of the sample extract and collect the GPC-OP fraction in a 25-mL K-D receiver tube. Each sample is analyzed on the GPC for 30 minutes. The fraction collected is determined by the GPC calibration window solution, which is analyzed prior to each set. A suggested processing sequence, using the sample types contained in a normal sample set at the NWQL (one set blank, set OP spike, and 12 field samples), is listed in table 2. Repeated injections of the GPC-OP fraction test solution and the System Blanks help to ensure continued calibration and system cleanliness. 9.5.11 Cap K-D receiver tube containing the GPC-OP fraction with a ground-glass stopper and store in a refrigerator until the concentration step (9.6).
9.5.12 Replace the septum on the GPC sample vial and store the remaining portion of the extract not processed through the GPC in a freezer for subsequent GPC injection or reanalysis of OP fraction, if needed.
9.6 GPC-OP fraction concentration and solvent exchange 9.6.1 Add 4 mL of ethyl acetate and two to three small boiling chips to the extract and attach a three-ball micro-Snyder column to the top of the K-D receiver tube. 9.6.2 Slowly introduce the K-D receiver tube to a water bath (6.6.1) maintained at 70°C and reduce the solvent volume to about 4 mL or until solvent evaporation dramatically decreases. Remove the tube from bath and cool.
9.6.3 Raise bath temperature from 70 to 85 to 87°C. Add two to three fresh boiling chips and 1 mL ethyl acetate to the K-D receiver tube, vortex, and replace into water bath for about 20 minutes. Do not reduce solvent volume to less than 1 mL.
9.6.4 Remove tube from water bath and reduce the extract to 0.5 mL using a gentle stream of nitrogen (6.3.4).
9.6.5 Transfer the fraction to a 1.8-mL autosampler vial using a Pasteur pipet and cap the vial mixture. Store in a refrigerator at 4°C until analysis by GC/FPD.
Gas Chromatography/Flame
Photometric Detection Analysis 10.1 Analyze thp sample extracts by gas chromatography with flame photometric detection (GC/FPD) using a dual capillary-column system (6.7.1) equipped with an autosampler; one split/ splitless injection port (operated in the splitless mode); a 5-m, 0.32-mm ID section of fused-silica capillary tubing, uncoated, deactivated guard column (7.8.3); a Y-type column splitter (7.8.2) to connect the guard column to the primary (7.8.1.1) and secondary (7.8.1.2) capillary columns; and two flame photometric detectors. Use a computer system to control the autosampler, gas cinematograph (GC) operational conditions, and to acquire and process responses from the dual detectors. Complete details of GC/FPD operation are beyonq the scope of this report. The following procedure Outlines the suggested GC conditions and autosequence used in this method. Consult the appropriate instrument manuals for additional details regarding general GC/FPD system operation.
10.2 Suggested GC operational conditions NOTE: Use any operational conditions that provide acceptable levels of Compound separation, identification, quantisation, accuracy, and precision.
Carrier gas Helium, 99.999 percent purity, 1 to 3 mL/min column flew. This flow range corresponds to a linear flow velocity of 20 to 40 cm/sec on the Van Deemter plot, when using 30-m by 0.25-mm ID columns.
Detector make-up gas Nitrogen, 99.999 percent purity, 4 to 10 mL/min flow.
Detector gas Hydrogen, 99.999 percent purity, 3 to 5 mL/min flow.
Air 99.6 percent purity, 90 to 110 mL/min flow. Injection mode Splitless, injection port sweep 30 mL/min. Column head pressure 138 kPa (20 lb/in2). Septum purge flow is 1 to 2 ^iL/min. Split purge valve is turned on (open) at 2 minutes and off (closed) 2 minutes prior to end of sample analysis. Both columns are connected to guard column using "Y" splitter, and the guard column is connected to injection port. If flows through the GC columns are equivalent, then an injection volume of 4 ^iL of extract is divided evenly onto both columns. Dual columns are used to verify the compound detection.
Injector temperature 220°C. Detector temperature 220°C. Detectors Two flame photometric detectors (FPD), set for "P" mode, with optical filters that transmit 525-nm wavelength for specific phosphorus response.
Oven temperature program Initial temperature 60°C, hold 1 minute.
Ramp 1 15°C/min to 160°C, hold 0 minute. Ramp 2 l°C/min to 186°C, hold 0 minute. Ramp 3 7°C/min to 280°C, hold for 7 minutes. Total analysis time is about 54 minutes.
10.3 Determine compound retention times (RT) Following GC setup, establish compound retention times using the calibration standard solutions. A typical chromatographic separation and the resulting peak shape obtained using the GC operating conditions in section 10.2 are shown in figure 2 for the individual OP pesticides on the Rtx-5 column; separation and peak shape on the Rtx-1701 column are shown in figure 3 . Peak identifications and retention times for the method compounds on the Rtx-5 and Rtx-1701 columns that are shown in figures 2 and 3 are listed in table 3.
10.4 Coelution problems Using the GC conditions described in 10.2, two coelutions (one for fonofos with propetamphos and a second for fenthion, chlorpyrifos, and parathion) were observed on the Rtx-5 column and three coelutions (one for chlorpyrifos with methyl parathion, the second for methidathion with profenophos, and a third for disulfoton sulfone, ethion, and sulprofos) most commonly were observed on Rtx-1701 column. Compounds that have coelutions on one column are well separated from other method compounds on the other column (see table 3 ). Coelution conditions require special identification and calibration considerations. Compounds that show coelution with another method compound on one column must be quantified on the column where no coelution problem results. 10.6 Gas chromatography/flame photometric detection compound calibration This method is an external standard quantitation method and uses multipoint external standard calibration for singlecomponent compounds. The GC/FPD is calibrated (and compounds subsequently quantitated; see section 1 1) by using results obtained on both capillary columns. The individual OP pesticides can be calibrated by using multipoint curves produced from analysis of the 5-to 100-pg/piL calibration standard solutions (8.1). Plot the GC/FPD peak area for the compound (A^) in relation to the mass (in picograms) of the compound for each of the 5-to 100-pg/piL calibration standards injected. 
(Q CO
where m = compound-specific slope, in area per picogram; Cc = concentration of the compound in the standard solutions, in picograms per microliter s; b = volume of calibration standard solutions injected into GC/FPD, in microliters; and compound-specific F-intercept of the best-fit! linear regression line.
Calculation of Results
11
.1 Calculate the dry weight of sediment extracted, in grams (Ws): (4) where Ww = wet weight of sediment, in grams (9.1.6); and fd = dry-weight fraction of sediment (9.1.5).
Calculate tine concentration of compounds in the sample:
Use the compound-specific regression parameters m and b (equation 3) from the calibration curve to calculate the peak area response (RA, in picograms per microliter) of compound in the analyzed sample extract using
RA =
where A, V2 = volume o the peak area of the identified compound in the sample extract; and extract injected into GC/FPD, in microliters (10.2).
11.3 Calculate the concentration (C5) of the identified compound in the sample, in microgram per kilogram in dry-weight sediment, using:
where Cs = concentration of compound in sample, in micrograms per kilogram (equivalent to nanograms per gram); RA = peak area of compound, in nanograms per milliliter (equivalent to picograms per microliter, calculated from equation 5); VE -volume of sample extract just prior to GC/FPD, in milliliters (9.6.4); Wi -weight of sample extract before GPC, in grams (9.5.5); W2 -weight of sample extract processed through the GPC, in grams (9.5.10); and Ws -dry weight of sample extracted, in grams (calculated from equation 4).
11.4 Calculate the percent recovery of the surrogate compounds in each sample using:
Rax 100
where Ra = recovery of surrogate in sample, in percent; Cs = determined concentration of surrogate in sample, in nanograms per gram (equivalent to micrograms per kilogram, calculated from equation 6); Ca -concentration of compound in the surrogate solution added to the sample, in nanograms per microliter (7.2.4); Va = volume of surrogate solution added to the sample, in microliters (9.2.5); and Ws = dry weight of sample, in grams (calculated from equation 4); 11.5 Calculate the percent recovery of compounds in reagent OP spike sample using:
where Rb -recovery of spiked compound in the reagent OP spike sample, in percent; Cs = determined concentration of compound in reagent OP spike sample, in nanograms per gram (calculated from equation 6); Cb = concentration of compound in OP spike solution added to sample, in nanograms per microliter (7.2.5); Vb -Volume of OP spike solution added to the sample, in microliters (9.2.2.2); and Ws -specified method dry weight of sample, in grams (25 g). NOTE: The actual (or assumed) sample weight (Ws) of the matrix used for preparing the reagent spike sample must be equivalent in equations 6 and 8.
11.6 Calculate the percent moisture of the uncentrifuged sediment (9.1.4) using:
where Wa -weight of sample-water mixture prior to centrifugation, in grams (from 9.1.4); Wb = weight of centrifuged sample-water mixture after decanting water, in grams (from 9.1.4); and fw = wet-weight fraction of centrifuged and decanted sediment, calculated by dividing the percent moisture content (9.1.5) by 100.
NOTE: The percent moisture of the uncentrifuged sediment is not required to calculate the compound concentrations in micrograms per kilogram dry-weight sediment. Users can calculate the percent moisture value of the compound concentrations in micrograms per kilogram wet-weight sediment for comparison with historical data that are normalized to wet weight of sediment. The percent moisture of the uncentrifuged sediment calculated in equation 9 does not include any water decanted from the sediment sample prior to sample freezing for storage (5.4). Concentrations normalized to dry weight are more accurate than those normalized to wet weight because of the highly variable amounts of water used to process sediment samples on site.
Reporting of Results
Column-dependent quantitation
The quantitative value reported is column dependent. Report the lower concentration produced by the two GC columns unless it has been demonstrated by the calibration, CCV, or TPC standards that one of the columns is causing a method compound to degrade or otherwise produce errant results. Column-specific quantitation also will be necessary for those compounds that exhibit coelution or other apparent interference on one GC column.
12.2 Reporting units Report compound concentrations for field samples in micrograms per kilogram (|Ag/kg) dry sediment. If the concentration is less than the lowest calibration standard, report the concentration to two significant figures, and use the "E" code to indicate that the concentration has been estimated. If the concentration is greater than the highest calibration standard, dilute the sample appropriately to bring the concentration within calibration range (generally the midpoint) and report the concentration to three significant figures. Report surrogate data for each sample type as percent recovered. Report data for the set spike samples as percent recovered. Compounds quantified in the set blank samples are reported in micrograms per kilogram, assuming a 25-g dry-sample weight. Report compound concentrations for field samples to three significant figures. Report surrogate data for each sample type to three significant figures.
12.3 Reporting limits Estimates of method detection limits (MDLs) using the procedures outlined by the U.S. Environmental Protection Agency (1997) have been performed for this method and are discussed further in 13.7 and in table 6. The initial laboratory reporting levels (LRL) for this method are listed in table 5, and were calculated by using the long-term method detection levels described by Childress and others (1999) .
Method Performance
13.1 Reagent-sodium sulfate, a sediment sample collected from Evergreen Lake, Evergreen, Colorado, and a sediment sample collected from the Clear Creek near Central City, Colorado, were used to test method performance. 13.2 The Evergreen Lake sediment was dredged as part of routine daijn maintenance, and sediment was collected from a mound that had been dredged several weeks prior to collection. The sediment sample was coarse with a substantial sand component.
13.3 The sediment sample collected from Clear Creek had been size-separated and consisted of particles less than 63 |im in diameter. This sediment was light brown, and was received as a dry sample from the donor, unlike the Evergreen Lake sample, which was damp.
13.4 Eight samples of each sediment type were fortified with each compound at three different concentrations of 8, JK), and 80 (ig/kg. One sample for each sediment type was unfortified to determine any potential backgroun4 contamination or interference for each matrix.
13.5 All samples for a given matrix were extracted on the same day. Extracts were analyzed by GC/FPD, but different concentrations and matrices were analyzed at different times. Bias and variability data are listed in tables 7 through 15 (see following pages).
13.6 None of the method compounds were detected above the method detection limits in the unfortified reagent-sodium sulfate, the Evergreen Lake, or Clear Creek sediment samples.
13.7 Estimated MDLs were determined by fortifying eight reagent-sodium sulfate samples with the method compounds at 8 |^g/kg and are reported in table 6. the MDL was calculated by using the following equation:
MDL= S x t (»-l, l-a = 0.99) (10) where S = standard deviation of the determined concentration, in micrograms per liter, for the replicate analyses; n = number of replicate analyses; and t(n _ i 5 1 _ a = o.99) = Student's t value for the 99-percent (a = 0.01) confidence level with n-l degrees of freedom (U.S. Environmental Protection Agency, 1997).
NOTE:
More than one significant figure was included for the standard deviations used to calculate the MDL.
13.8 The estimated MDLs in table 6 reflect variation with eight separate reagent OP spike sample preparations and GC/FPD calibrations. For most of the method compounds, these MDLs range from nearly half the initial laboratory reporting levels listed in table 5. The U.S. Environmental Protection Agency (1997) procedure for determining MDLs indicates that the samples should be spiked at a concentration nearly 2 to 5 times the expected MDL. The samples were spiked at 8 f^g/kg for the MDL study for this method. The results for the MDL spiking experiments in this study resulted in MDLs that were about 1/8 to 1/10 of the spiking concentration. A spiking concentration of 4 jAg/kg might result in slightly greater MDLs, because of slightly greater variations among spiked sample results.
13.9 Bias (percent mean recovery) and variability (percent relative standard deviation) are shown for all matrices in tables 7 through 15. Most compounds exhibit excellent performance with mean recoveries in excess of 60 percent and relative standard deviation (RSD) less than 15 percent in all three matrices.
13.10 Mean recoveries of method compounds spiked in Clear Creek samples ranged from 43 to 110 percent with average recoveries of 91 (±8 percent), 86 (±5 percent), and 74 (±7 percent) in samples spiked at concentrations of 8, 40, and 80 i*g/kg, respectively. Only ethion monoxon showed a low recovery of 43 percent in the Clear Creek matrix, although its recovery in other matrices was close to or greater than 60 percent.
13.11 Mean recoveries of method compounds spiked in Evergreen Lake sediment samples ranged from 62 to 123 percent with average recoveries of 86 (±7 percent), 88 (±6 percent), and 84 (±6 percent) in samples spiked at concentrations of 8, 40, and 80 jag/kg, respectively.
13.12 Mean recoveries of method compounds spiked in reagent sodium sulfate samples ranged from 57 to 101 percent with average recoveries of 75 (±5 percent), 86 (±9 percent), and 78 (±7 percent) in samples spiked at concentrations of 8, 40, and 80 ug/kg, respectively.
13.13 The recoveries of ethoprop degradate (O-ethyl-O-meth_ioate) was excellent in the Evergreen Lake and Clear Creek sediment matrix (average 100 percent), but showed substantially low recovery (35 percent) in the sodium sulfate reagent matrix at 8 ug/kg concentration. It might be degrading in the spike mixture. Because of its low recovery in the sodium sulfate matrix, O-ethyl-O-meth_ioate will be routinely reported with an estimated "E" concentration code in the field sample.
13.14 The compounds that were evaluated during early testing of the method and the reason they were not suitable for inclusion in this method are listed in table 16. All compounds listed in table 16 were deleted from the method because of very poor flame photometric detection response. Not enough research was done on these compounds to clarify the exact reason for performance failure. Some analytes did not respond because ofnondetectability by GC/FPD and low solubility in hexane, the solvent used to prepare the initial GC/FPD evaluation standard. In addition, photodecomposition or rapid degradation in sediment, volatility (excessive volatilization losses during sample preparation), and thermal liability of the compounds could be other reasons for unacceptable performance of these compounds.
CONCLUSIONS
This report presents a method for the routine analysis of 20 parent organophosphate pesticides and 5 pesticide degradates in sediment samples that include one compound (O-ethyl-O-methyl-S-propylphosphorothioate) to be reported permanently as estimated ("E"-coded) concentration. Recoveries of method compounds, except O-ethyl-O-methyl-Spropylphosphorothioate, in spiked reagent-sodium sulfate samples rangdd from 41 to 101 percent. O-ethyl-O-methyl-S-propylphosphorothioate was the only compound that showed low recovery (35 percent).
Single-operator method detection limits (determined in reagent-sodium surf ate matrix) ranged from 0.807 to 2.003 ug/kg. Previously, the National Water Quality Laboratory (NWQL) determined organophosphate pesticides recoverable in bottom sediment (method O-5104-83; NWQL laboratory schedule 1320) by using the U.S. Geological Survey methods described by Wershaw and others (1987) . This original method included only six compounds (diazinon, ethion, malathion, methyl parathion, parathion and trithion). The present method will replace laboratory schedule 1320. This new bottom-sediment method uses a gel-permeation chromatographic (GPC) procedure that improves organophosphate pesticide recoveries. This new method also expands the selected list of determined compounds from 6 to 25. There are substantial advantages of this new method over the previously used method. The extensive preparation protocol provides cleaner extracts with increased signal-tonoise ratios and improved method detection limits. The GPC step removes or greatly reduces the inorganic sulfur in the extract. Compound marked with an asterisk is permanently "E" coded (estimated) in this method. 
